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Figure 24. - Ef'feot of ram-pressure ratio on aorrected,air 
consumption. Altitude, 30,000 feet. 

' ' . r A . - L a D  lw - 4-17-60 - 460 



II - 18.41 -INCH-DIAMETER JET NO- 
By J. C . Armtrong, H. D. Wileted 

and IT. R. Vincent 

An altitude-chaniber  inveetigation was conducted t o  aetermine 
the  alt i tude performance characteristics of the British Rolls- 
Royce  Nene II: turbojet  engine with an 18.41-inch-diamter  jet 
nozzle. Results are presented for  shnulated  altitudes fran sea 
level t o  60,000 fee t  and f o r  ram-pressure ratios f'rom 1.00 t o  
3.50 (corresponding t o   f l i g h t  Mach numbers from 0 t o  1.47, assum- 
ing  loo-percent  ram-pressure  recovery). 1 

Typical performance -data p l a t e  are presented t o  show graphi- 
cally  the  effects of a l t i tude and f l i gh t  ram-pressure r a t io .  Con- 
ventional  correction methds were applied to   t he  data t o  determi- 
the poasibility of generalizing  each perfoxmame  parameter t o  a 
s ing le   mve .  A oomplete tabulation of corrected and uncorrected 
engine-performance pararneters is presented. A comparison of per- 
formance with  the 18.75- and 18.41-inchdiameter jet nozzles is 
made t o  show the effeot of small changes i n  nozzle s ize  under 
simlated-fl ight oonditForis . 

The investigation showed that engine performance obtained at 
one alt i tude could not be uaed t o  predict performance at other 
a l t i tudes  for   a l t i tudes above 20,000 feet .  Performance at  o r  below' 
20,000 fee t  could, hawever, be.predicted from sea-level  data o r  
data obtained at any a l t i t ude   i n  t h i s  range f o r  any particular 
ram-pressure ratio. For varying raSl-p?x%mure rat ios ,  performance 
can be predicted from other ram-preesure-ratio data only f o r  con- 
dit ions f o r  which c r i t i ca l  flow exists  in  the  Jet   nozzlec 

In  caparison with the standard  18.75-inch-diameter j e t  nozzle, 
the  18.41-inch-diareter  nozzle gave somewhat lower values of net- 
t h r u s t  specific fuel consumption at engine speelfs below 11,000 rpm 
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at a simulated  altitude of 30,000 feet and a ram-pressure r a t i o  of 
1.30. Above ll, 000 rpm thia  trend was reversed. Jet  thrust ,  net 
thrust, fuel coneumptim, and tail-pipe  indicated gas tempemtum 
generally  increased when the  smaller  nozzle uas used. 

Because the  Brftish Rolle-Royce mene 11 engine is different in 
design fKrm similar United States  turbojet  engines and has a high 
sea-level rating, the N e n e  engine was investigated  in an al t i tude 
chamber at the NACA Lewis laboratory  during 1948. 

The effect  on al t i tude performance of a small change i n  Jet-  
nozzle S ize  is of interest,  particularly  with  reference  to engine 
specific fie1 ooneumption, because aircraft range is direct ly  
affected. A t  el t i lade,  a Jet  nozzle  smaller  than  standard can be 
used at  cmiee  conditions without exceeding allowable temperatuRs; 
a t  a given  flight  condition, a smaller  Jet  nozzle should give 
higher thruat and possibly lower epeuific  fuel oozlgumption. 

I n  order t o  determine the change in a l t i tude  performance 
result ing from a small change i n  jet-nozzle s i z e ,  three  different 
Jet-nozzle  diametera (18.75, 18.41, and 18.00 in.) were n8ed i n  
thie  investigation of the Nene Il engine. 

The effeots of a l t i tude and flight speed on tEle over-all engine 
perfomnoe using the  stantlard  18.75-inch-diameter Jet nozzle are 
presented in reference 1. The over-all engine performance using an 
18.41-inch-dia.mter Jet  nozzle ie presented hereh.  Results are 
presented f o r  simulahed~flight  conditione varying in a l t i tude  from 
sea l e v e l   t o  60,000 feet and in ram-pressure r a t i o  from 1 .OO t o  
3 .SO. These ram-pressure ra t ios  correspond t o   f l i g h t  Mach numbers 
from 0 to 1.47, assuming 100-percent rsm-presaure recovery. The 
conventional method of reducing data to sea-level  conditions 
(reference 2 )  WBB ueed t o  determine  whether the  performance 
parawtern  could be generalized t o  a eingle-curve; that fa, whether 
data obtained at o m  a l t i tude  and ram-pressure r a t i o  can be ueed t o  
predict performance at other  conditions of a l t i tude  and ram-pressure 
ra t io .  Alao, a comparison of engine  perf'opanoe w t t h  these two 
dffferen-t jet-nozzle  diamters is presented for a simulated-flight 
condition of 30,000 feet a t  a ram-p%ssure ratio of 1.30.. 

. 
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DESCRC€TIOm OF 

A cutaway view of the  Brit ish 

3 
I 

PclwER PLAmT 

Rolls-Royce nene II power plant, 
whioh is a thkugh-flm  turbojet  engine having nine combustion 

atage  dauble-entry  oentrifuga3 compressor ( t i p  diameter, 28.80 in.) 
driven by a single-stage  reaction  turbine  (tip  diameter, 24.53 in . ) .  
The. turbine-nozzle area is 126 square inches and the  standard  jet- 
nozzle  area is Z&sgu&re inches. The dry engine weight is approxi- 
mately 1720 pcrunds (s"-bing panel and generator  imluded) and the 
maximum diameter  (cola) i e  49;50 inchee, giving an effective  frontal 
area of 13.36 square feet .  

. chambers, is sham in  figure 1. The engine incorporates a single- 

The sea-level  engine performance (referenoe 3) , based on Rolls- 
Royce statfc  teat-bed data with  the  standard  18.75-inch-dia~~ter 
j e t  nozzle, is: 

Rebting Specific  fuel m i n e  speed Je t   t h rus t  
Ob)  . consumption ' (rpsl) 

(lb/(hr) (lb th rus t ) )  

Take -off 

2 , 600 120 Idle 
1.02 11,500 4000 L . -  piax. cruise 
1-04 32,250 5000 Military 
1.04 12,250 5000 

"" 

From these  salues it can be seen that the  rated military thrust 
per  unit weight of engine i a  2.91 pouIld8 thrust  per pound weight, 
and t he  rated  military  thrust per unit  of frontal area is 374 pounds 

ture is 1365O F with the standard  18.75-inch-dimter jet nozzle. 
. thrust  per square foot. The maximum allowable  tail-cone gas tempera- 

A sea-level  acceptance mn of the engine with minimum research 
inatnuentation  installed  shared a thrust of 5110 pounds ana a 
specific  fuel consumption of 1.01 pounds per hour per paund of thrust  
at an engine speed of 12,261 rpn. 

Altitude  Test C h a m b e r  

The engine was instal led  in  an al t i tude test chamber 10 f ee t  
i n  diasaeter and 60 feet  long (schematically shown in fig. 2 ) .  The 
inlet section of the chamber (surrounding the engine) wag Separated 
fron the  exheLust section by a s t e e l  bulkhead; the engine tail  pipe 
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paseed through  the bulkhead by means of a low-friction seal. The 
seal was oomposed of three  f loating asbestos-board rings ao mounted 
on the tail pipe 88 t o  allow thermal  expansion in both rad ia l  and 
axial directime, ae well aa a reasonable amount of lateral 
fnovement t o  prevent binding. 

Engine thrust  was measured by a balanced-pressure-di&p~~- 
type  thrust  indicator  outside  the  test chamber, connected by a 
linkage to   t he  frame on which the engine n e  mounted in the  chamber. 

An A.S.M.E. type  flat-plate  orif  Ice mounted in a straight run 
of 42-inoh-diameter pipe st the approach t o  the t e s t  chamber was 
provided f o r  measuring engine air cansumptian. Becauee of the 
large variation in atmospheric  conditions  investigated, however, 
coneiderable  difficulty was encountered  with  candeneation in the 
orifice  differential-preaeure l inee despite  repeated a t t e m p t s  t o  
remedy the  eituation. The engine air consumption was therefore 
caloulated *can engine pressure and temperature meaeurements in the 
t a l l  pipe, a0 described in the appendix. 

The %am-air pressure was omtrolled by a main, electr ical ly  
operated butterfly  valve in the 42-inch air-dupply line, bypassed 
by a 12-inch, pneumatically  operated V-poPt valve. A i r  wa8 sup- 
plied by ei ther  a canbuatkm-air  (moist, room-temperature)  system 
or a refrigerated-air (dry,  cooled) system a t  temperatures  near 
those  desired. Final control of air temperature was accomplished 
by meam of a set of electric  heatere in the bypass l ine  immediately 

' preceding  the  entrance t o  the   t ea t  chamber. The a i r  entered  the 
, test chamber, passed through a set of stretightening vanes, and then 

entered  the' engine cowl. The purpoee of the cowl wa8 t o  prevent 
circulation of  heated air  from the  regian of the tail pipe and 
oombustion  chambers direct ly   into  the aft inlet of the compreesor. 
This heated a i r  was therefore mixed with the cooler air supply 
bef'ore entering  the compressor. 

The exhaust Jet  was discharged in to  a diffusing elbow mounted 
in the erhaust section of the chamber. This elbow ducted the gases 
into a dry-type  primary  cooler.  Control of the exhaust pressure 
was obtained by means of a main, electr ical ly  operated butterfly 
valve, bypassed by a 20-inch, pneunratically  operated butterfly 
valve. The gases then paased through a dry-type  secondary  cooler 
and thence into  the system exhausters. 

. 
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Instrumentation 

5 

Compressor-Inlet  temperature and total  pressure  were measured 
by  eight  probes,  each  consisting  of an iron-constantan  thermocouple 
and a total-pressure  tube. Pour probe8 were equally spaced around 
the  periphery of the f2on-b compressor-inlet  soreen, and four around 
the back  screen, (statim 2, fig. 3). Control of ran pressure arpd 
temperature was based an the  averaged readings of the  eight probes. 
Compressor-discharge  pressures were measure3 at the  exit of 
compressor-diecharge elbows 1, 4, and 7 by seven total-pressure 
tubes in each  elbow. 

Engine tail-pipe  temperaturea at station 6 were meaaured by 
me8118 of 25 chromel-alumel, stagnatian-type  thermocouples  located 
in an instrument  ring. The instrument ring aleo  included 24 total- 
pressure  probes, 14 static-pressure  probes, and 4 wall static- 
pressure  taps. (see fig. 4, reference 1. ) This instrumentation 
was located  approrimately 18 inches damstream of the  tail cone. 

supplied by Rolls-Royce Ltd. were mounted in the tail cone and were 
used  for  engine-control purposes. 

additiaJ f O U  Nene w i n e  Stmdard tail-COn0 the~OCOUples 

All pressures,  including  the thrust-indicator-diaphragn pres- 
sure, -re instantmeouely recorded by photographing  the  manometer 
panel.  Temperatures  were  recorded by two aeU-balancing, manning 
potentiometers,  which  required about 3 mhutee to record all engine 
temperatures. Pressure and temperature  hstrwnentation vas also 
located at other stations throughout  the  engine;  mea8urements from 
this  instrumentation are not  reported. 

m i n e  speed was measured by means of an impulse  counter, 
which  operated on the frequency of an alternating-current three- 
phase  generator  mounted on the accessory case of the engine. lotion 
of the counter and the  timer was synchranized by a single 
mechanism. 

Fuel consumption was measured by a calibrated  variable-area- 
orifice flow meter,  which allowed near fi11-scale  readings for 
various ranges of  fuel flow by changing  the  orifice flow area. 

With the  exception or  air  consumption, perfonaance data  were 
generally reproducible within 2 percent. Air-consumption data 
mattered appreciably at high engine speeds and was reproducible 
only t o  withh 5 percent with a few points shmlng even greater 
scatter . 
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Performanue charscterietice of the engine vere  obtained over 
a range of e w h e  speeds  at simulated altitudes *an sea  level  to 
60,000 feet and ram-pressure  ratios from 1.00 to 3.50. Inlet-air 
temperatures were, In general,  held  to  within 3O B of NACA standard 
values corresponding  to  the  simulated-altitude  and  ram-pressure- 
ratio  conditione.  Compressor-inlet total pressures  were held at 
values  corresponding  to  the  simulated  flight  conditians,  assuming 
100-percent  ram-pressure  recovery, 

A ~ummary of perfomance and operational data obtained  at 
simulated-altitude caditione is presented in table I. Altitude 
data  corrected for mall variations in compressor-inlet  pressure 
and temperature  settings and for variations in efiaust-pressure 
settings are summarized in table It. Table I1 also  inczludes  the 
data  corrected  to  conditions of RAGA standard  sea-level  static 
pressure and temperature  at  the  compressor  inlet. 

Simulated  Flight  Performance 

Ef'fect of altitude. - Typical  perf'ormanae  data A.m table 11, 
obtained  at a m-pressure ratio  of 1.30 and  simulated  altitudes 
frm Bea  level  to 60,000 feet, are presented  to  shaw  the  effect of 
altitude on Jet  thrust,  net  thrust,  air  consumption (cooling air 
exczluded), fuel consumption,  net-thrust  speoific fuel consumption, 
and tail-pipe  indicated gas temperature  (fige. 4 to 9, respectively). 
The trende shown are identics1 to those  discussed in reference 1; 
that is, a rapid  decrease in Jet that, net that, air  coneumption, 
and fuel oomumption with  increasing  altitude and a decrease in 
epecifio  fuel  consumptian  up to an altitude of approxfmately 
30,000 feet,  after which this  trend reversed to give an increase 
in specific fuel consumption as altitude  continued  to  increaee. 
This reversal, as discmsed in referenue 1, is a result  of  decreaeing 
inlet temperature,  which,increases  the  comgressor  Mach  number  thereby 
producing an increme in the  compressor  pressure  ratio and cycle 
efficienoy.  The  reversal  therefore  apparently  takes  place  at the 
tropopause (35,332 ft based an NACA standard  atmoephere). The 
specific-fuel-cmsmptlon curves are ccanputed f'rm values obtained 
fronthe faked-in fuel-consumption  and  net-thrust curves; any 
discrepancies that oocur between the  fuel-conemption and net- 
thrust  data an8 the  faired  curves  are  carried  over  to  the  specific- 
fuel-consumption  curves. The data  points  therefore Fn many cases 

. 

. 
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do not fall an the  faired  curve. The tail-pipe  indicated gas tem- 
perature (fig.  9)  a t  engine speeds belar 10,800 rpm decreased rap- 
i d ly  with increasing  aLtitude t o  about 40,000 fee t ,   a f te r  which 
there was no further change with alt i tude.  A t  the engine  speeds 
above 10,800 rpm, there was a reversal in  t h i s  trend, with t a i l -  
pipe  temperature  increasing with increasing  altitude.  This  rever- 
sal in trend  takes  place at l m e r  engine  speeds for ram-pressure 
ratios greater  than 1.30, and a t  higher  engine  speeds for lower 
ram-pressure rat ios .  

E3fect of ram-pressure ratio.  - Performance data obtained a t  
a simulated al t i tude of 30,000 fee t  and at ram-pressure ratios f’ran 
1.30 t o  3.00 a r e  presented t o  show the effect of ram-pressure r a t io  
on Jet   thrust ,   net  thrust, a i r  consumption, fue l  consumption, net- 
thrust  specific Rzel consumption, and tail-pipe  indicated gas 
temperature (f ige. 10 t o  15, respectively) . 

As would be expected with increasing  air  density a t  the engine 
inlet ,  an increase  in  ram-pressure ratio generally increased j e t  
th rus t ,  a i r  ccwsumption, & fuel consumption throughout the range 
of engine speeds investigated. The net  thrust  increased with 
increasing  ram-pressure ratio f o r  high engine  speeds, but  decreased 
with increasing ram-pressure r a t i o  f o r  low engine speeds. For the 
data shown in figure 11 (30,000 f t  a l t i tude) ,  the reversal in trend 
occurred at approximately 10,000 rpm. The net-thrust  specific f u e l  
mnsumption increased with increasing ram-pressure ratio. The curve 
f o r  a ram-pressure r a t i o  of 1.50 coincides with the curve f o r  a ram- 
pressure  ratio of 1.70; hawever, t h i s  coincidence is attributable 
t o  a s l ight ly  high value of fue l  consumption for a ram-pressure r a t io  
of 1.50, as  indicated. by figure 13. The tail-pipe  indiaated gas 
temperature, i n  general,  decreased slightly with increasing rem- 
pressure ra t io .  (f ig.  15). This decrease waa a d 1  and somuhat 
inconsistent and could well be interpreted as data  scatter at the 
higher  engine speedg. As would be expected, an appreciable 
decrease i n  temperature  occurred at the lower engine epee&, where 
there was a tendency f o r  t he  engine t o  winamlll. 

These trends with vary- ram-pressure ratio are identical.  to 
those  discussed In s e a t e r  d e t a i l  in reference 1. 

Generalized Performance 

Performance data varying in al t i tude from sea level t o  
60,000 f ee t  and Fn ram-pressure r a t io  f rom 1.00 t o  3.50 were reduced 
in the  conventional manner (reference 2 )  t o  HACA standard  sea-level 
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conditions. The development of t h i s  method of' generalizing data 
involves the concept of flow similar i ty  and the  application of 
dimemianal. analysis t o  the performance of .turbojet engines. In 
t h i s  development, the  efficienciee of engine ccenpanents a re  con- 
sidered t o  be unaffected by changes in  flight conditions. 

. 

Effect of alt i tude.  - Typical  sea-level  corrected  engine per- 
formance data (table 11) obtained at a ram-Dressure r a t i o  of 1.30 
and simulated altitudes- from sea l eve l   t o  60,000 f e e t  are compared 
t o  show the effect  of a l t i tude  on the corrected  values of Jet 
thrust, net thrust ,  air consumption, fue l  consumption, net-thrust 
specifio  fuel consumption, tail-pipe  indicated gas temperature, 
and tail-cone  indicated  gas  temperature (figs. 16 t o  21, 
respective-). 

The corrected  value8 of jet  thrust  and net thmrst (figs. 16 
and 17)  d id  not  generalize  but  decreased with increasing a l t i tude  
f o r  a l l  al t i tudes above 20,000 feet. This decrease was attributed, 
in part,  to  the  decrease  in compressor pressure  ratio and efficiency 
as a l t i tude  was increased, as discussed in reference 1. Because of 
the  decrease in compressor pressure  ratio, a urnparable  decrease in 
air consumption would be expected. Although there is an appreciable 
matter in the data, a decrease i n  air  consumption with increasing 
al t i tude is lndiuated  (fig. 18). The data for 50,000 feet indicate 
an appreciable  decrease a t  a corrected  engine speed of 13,300 rpm 
after a peak air  consumption at 12,800 rpm. This trend and similar 
trends indicated by other  high-altitude data in  reference 1 are 
attr ibuted  to scatter i n  the data at high alt i tude,  where small 
errors in reading instrumentation are appreciable  percentages of 
the  absolute  values.  Corrected  fuel consumption (fig.  19 )  increased 
only a amall amount with increasing  altitude a t  high values of cor- 
rected engine speed. A t  low engine speeds, the fue l  consumption 
increased very rapidly with increasing  altitude. The corrected 
net-thrust-specific-fuel-c~s~ptirm curve8 (fig.  20) generalized 
up t o  an altitude of 20,000 feet. Above 20,000 f e e t  t he  oorrected 
speoific  fuel cansumption inweereed with increasing al t i tude.  "he 
corrected  tail-pipe and tail-cone  indicated gas temperature 
(fig. 21) generalized at a l l  engine speeds. The difference between 
tail-pipe and tail-cone tempera-kuree is a t t r ibu ted   to  the differ-  
e n c e ~  in the location e d  the number of thermocouples used. 

The fai lure  of the a l t i tude  data t o  generalize to   s ing le  
curves f o r  each  parameter for al t i tudes above 20,000 feet is i n  
a p e m n t  with the resul ts  of the investigation using the  standard 
18.75-inch jet  nozzle  (reference 1). 
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Effect of rawpressure  ratio.  - The conventional method of 
generalizing data vas specifically developed to   ad jus t  for changes 
in the  pressure and the tomperatwe of the atmosphere in which the 
engine is operating. V E ~ F F ~ S  in ram-pressure r a t io   ( f l i gh t  
speed) change the performance characteristics  bg  effectively chang- 
ing the compression r a t i o  of the  engine. In general,  the increased 
operating  pressure with increasing ram-pressure ratio raises the 
total expansion pressure r a t i o  of the engine (from turbine  inlet  t o  
jet-nozzle  throat) until critical flow I s  established in the  Jet  
nozzle. Af'ter c r i t i c a l  flow is established,  the  expansion pressure 
r a t i o  of the  engine remains constant w i t h  increasing ram-pressure 
rat io .  The englne i e  then  effectively  operating i n  an atmosphere 
having a static.pressure  equal  to the pressure  existing in   t he   j e t -  
nozzle throat, and is operating at a canstant  effective ram-pressure 
rat io .  The effective ram-pressure r a t i o  is then equal t o  the r a t i o  
of the  compressor-inlet  total  pressure  to  the  jet-nozzle-throat 
static pressure. With c r i t i c a l  flaw in the j e t  nozzle,  generali- 
zation of flow characterfstics  within  the eng- should  be possible 
within  the  limitations  discussed in connection x i th   a l t i t ude  
effects. 

T y p i c a l  performance data obtained at a simulated a l t i tude  of 
30,000 f ee t  and ram-pressure r a t io s  *can 1.30 t o  3.00 are compared 
t o  show the  effect of ram-pressure r a t io  cm the  corrected  values 

of Jet   thrust ,  j e t - thrus t  parameter "j + w 7  
€5 

, (reference X), net 

thrust ,  air consumption, fuel coneumption, net-thrust  specific  fuel 
consumption, and tail-pipe  indicated gas t e m p e r a t u r e  (f igs.  22 t o  27,- 
respectively). (The spkols are defined in   t he  appendix.) 

The corrected  jet  thrust (f ig .  22 (a) ) did not generalize  but 
the  corrected  jel-thrust parameter (fig.  22(b))  generalized f o r  all 
conditions f o r  which the  jet nozzle was choked. The corrected  net 
thrust  of figure 23 appears t o  generalize at the higher  speeds; how- 
ever,  examination of plots of the data of table I1 at other alt i tudes 
shows that the data f o r  ram-pressure r a t i o s  lower than 1.30 do not 
generalize. Although the  oorrected air consumption of figure 24 
generalized, the jet   thrust   d id  not generalize and thus,  there i a  
apparently no reason t o  expect  the net thrust   to  generalize.  A t  
higher  flight speeds (ram-pressure ratfoa), however, the momentum 
of the incoming air  l a  greater a t  a given mass flow; this larger 
quantity, when subtracted- from the higher j e t - t m a t  values of 
figure 22, causes  the  corrected net thrust t o  gene ra l i ze  fo r  ram- 
pressure  ratios above 1.30. Corrected  fuel uonaumption generalized 

I 

I 

I 

V 
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at  the  high engine speeds when critical flow existed in  the  jet 
nozzle (fig. 25). At  lover engine speeds,  the fuel comumption 
decreaeed  with.increasing  ram-pressure  ratio. The corrected  net- 
thrust  specific fuel wneum;ptim (fig. .26) showed  reaeonable agree- 

' ment for ram-pressure  ratios above 1.30. Xmminatian of plots of 
the  data of table II: st other  altitudes ehav appreciably  lower 
value8 of sgeoific fuel ooneumptlcm at a ram-pressure  ratio  of 1.00. 
The corrected  tail-pipe  indicated gae temperature (fig. 27) also 
generalized  to a eingle uume for engine.speeds  at  which  critical 
flow exietd in the  Jet nozzle. At  lower engine apeeds,  the  cor- 
rected  tail-pipe  indicated gas temperature  decreaaed  with  inoreaeing 
ram-pressure  ratio. 

Effect of Jet-Nozzle  Area on Performance 

A rational  examination of the effect of jet-noztle arm ~ 1 1  

engine  performance,  neglecting seoondary effeote,  indicates  that a 
reducfian in jet-nozzle  area  inoreases  the  reeistanoe  to flow 
through  the  noezle,thue  raieing  the  tail-pipe  pressure.  Bscause, 
from consideratiam of typioal  mtrifugal-campreasor  performanoe, 
the compressor pressure  ratio  ramaine nearly constant  for small 
uhangee in sir flow,  the higher tail-pipe  preesure  caused by a 
rednution in jet-nozzle area reeul te  in a decreaeed erganeion pres- 
eure ratio  acroe8 the turbine. In order  to  maintain  the  required 
turbine  power  output,  it  ie  then  neceeaary  to  raise  the  turbine- 
inlet temperature,  which  reeulte in an increased tail-pipe  tem- 
perature  ae  well. The engine air  consumption is essentially  pro- 
portional to the  turbine-inlet  preesure and inversely  proportional 
to the square root of the  turbine-inlet  temperature.  Because  the 
turbine-inlet  preesure, a8 previously explain&, remains nearly 
conetant and the  turbine-inlet  temperature rise8, a small decrease 
in air  consumption  would  be  expected.  Thie  decrease wou:d cause 
the  turbine-inlet  temperature  to  riee  elightly  at  the same fuel flow 
used with  the  larger  Jet nozzle, but an increase in fuel flaw to 
the englne is probably  neceeeary  to  attain  the  turbine-inlet  tem- 
perature  required  by  the  gmaller  jet  nozzle. The higher  tail-pipe 
pressure  oaueed by a reduotion in jet-nozzle area results in an 
inoream in jet-nozzle-throat  velocity in the  suboritical flow 
range, or in a greater exoese of nozzle-throat  static  preesure over 
ambient  static  pressure in the crftical flaw range. In either mee, 
the Jet thrust for a given gets flaw would Increase.  Becauee  the 
Jet-nozzle-throat  velocity vsriea directly 813 the  square  root of the 
tail-pipe  temperature and the engine air  consumption  varies  invereely 
as the.equare  root of the  turbine-inlet  temperature,  these  effects 
tend  to'cancel  each  other and ehould  not  have muoh effect on the Jet 
thrust. The net r e s u l t  should  therefore be an increase in jet 
thrust  due to the  higher  tail-pipe  preesure. 
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Performance  parameters at a simulated altitude of 30,000 feet 
and a ram-pressure  ratio of 1.30 uslng the  18.41-inch-diameter  jet 
nozzle are campared with the engine performance  using the standard 
nozzle (18.75-Fn: diameter)  data  from  reference 1 (f ige. 28 to 33). 
The decrease in area of 3.5 percent  shaved  the  expected  trends, 
causing a mall increase in Jet thrust, net thrmet, and tail-pipe 
indicated gas temperature  over the entire  speed range. At an 
engine speed of 12,000 r p m  these  increases  amount to approximately 
4, 5,  and 3 percent,  respectively. Fuel collrsumption  (Pig. 31) also 
increased  over  most of the speed  range  (about 9 percent at an engine 
speed of 12,000 rpm). Air  consumption,  because of the  scatter in 
the  data, wae obtained fromthe falred  curves of figure 24 herein 
and figure 27 of reference 1. These data show the  expected  decrease 
tn air  consumption when ushg the smaller jet nozzle,  '(approximately 
1 percent at an englne speed of 12,000 rpm). The net-thrust spe- 
cific fuel consumption (fig. 32) was somewhat lower for the smaller 
nozzle at engine speeda  below 11,000 ?$m (about 5 percent lower at 
an engine speed of 10,000 rpn) ; above 11,000 rpm the  smaller  nozzle 
gave a slightly higher  specific fuel consumption  (about 3 percent 
higher at an engine speed of 12,000 rpm). 

The following results were  obtained from an altitude-chamber 
investigation of the  performance of a British  Rolls-Royce  Xene I1 
turbojet engine us- an 18.41-inch-diameter Jet nozzle: 

1. Engine-performance  parameters  could  not be predicted for 
altitudes  above 20,000 feet from data  obtained at one  particular 
altitude,  because of a progressive  decreaee in  ccanpressor  pressure 
ratio and efficiency at high engfne speeda at altitudes  above 
20,000 feet . 

2. At a given  altitude, perforrmFance .data at any ram-presswe 
ratio  for  which  oritical flow existed in the jet nozzle  could be 
used  to  prediot performance at any other =-pressure  ratio in the 
critical flow range within  the  limits of this inveatigatim. , 

3. In caparison with  the stand& 18.75-inch-diameter  jet 
nozzle,  the  18.41-inch-diameter jet nozzle (a decrease in mea of 
approx3mately 3.5 percent)  indicated a slightly lwer value of net- 
thrust  specific fuel consumption at engine,speede below 11,ooO rpm 
( 5  percent lmer at an englne speed of 10,000 rpm) at a simulated 
altitude of 30,000 feet and a ram-pressure  ratio of 1.30. A t  engine 
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speeds  above 11,000 .rpm, the Bmaller nozzle indiaated a  elightly 
higher  specific  fuel comumptim. Jet  thru5t,  net thrust, fuel 
consumption, and tail-pipe  indicated gas temperature all increased 
slightly when the emsller nozzle w a ~  used (approrimately 4, 5, 9, 
and 3 percent,  reepeotively), whereaa air consumption showed a 
-11 deoresse (about 1 gercent). 

Lewis Flight Propuleion Laboratory, 

Cleveland, Ohio. 
National Advisory Committee for Aeronautics, 
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APPENDIX - CALCULATIONS 

Symbols 

mea, sq fi; 

diameter, f’t 

thrwt, lb 

acceleration ane t o  gradty, 32.2 ftlsec‘ 

enthalpy, Btu/lb 

mechanical equivalent of heat, 778 ft-lb/’Btu 

thrust  constant 

k c h  number 

engine speed, rpm 

absolute total pressure, lb/sq f’t 

absolute static pressure, lb/sq ft 

gas constant,’ 53.3 f’t-lb/(lb) (9) 
t o t a l  temperature, “R 
s t a t i o  temperature, R 

velocity, ~t;/sec 

air consumption, lb/seo 

fue l  consumptica, lb/br 

gas flow, lb/sec 

r a t i o  of epecif‘ic heats 

r a t i o  of canpressor-inlet  absolute total pressure t o  absolute 
static pressure of WCA standard atmosphere at  ma leve l  

0 
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0 ratio of compreesor-inlet  absolute  total  temperature to absolute 
etatio  temperature of M C A  standard atmosphere at acta level 

b barometer 

d thrmat  -measuring diaphraepl 

n net 

p airplane 

a seal 

Station  notation (fig. 3) t 

0 free stream 

2 compressor inlet 

3 compressor diecharge 

5 tail cone (turbine disoharge) 

6 tail pipe (upstream of Jet nozzle) 

7 Jet-nozzle  outlet  (throat) 

Thruet. - Thruet vae determined from the  altitude-chsmber 
thrust  indicator (by multiplying the diap&a@t preesure by a con- 
stant) with an added ornution factor to aocount for the pressure 
differential  acroee  the tail-pipe seal. The relation ueed was 

c 

cc a u: 
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and the  seal  area 

Air  consumption. - lbgine alr cunsumption was oalcnlated fram 
measurements of temperature and total and etatic  pressure in the 
tail pipe.  Totalipressure  profiles  acroas  the  tail  pipe  were  plot- 
ted for' each  data  point; the profiles were then read at eight 
points, so selected  as  to  divide  the  tail-pipe  area  into four equal 
concentric, annular areas. The following formula was then  applied 
to  eaoh of the four areas: 

where 

A 1/4 x tail-pipe area (cold) 

AH enthalpy difference betveen to-kl- and static-pressure 
conditions,  determined fra reference 4 

The  etatio  temperature In the fonrmla wa8 oalculated f'rcan the 
indicated  temperature by the follaving relation: 

where  the  temperature  ratio wae determined  from the tail-pipe  total- 
to-static  pressure  ratio by mean8 of reference 4. The factor 0.8 is 
the  selected  average  value of thermooouple  recovery  factor  based on 
instrument  calibrations. 

The engfne air consumption wa8 then  determined by adding the 
gas flows through  the four  annular areas and subtracting  the fuel 
flow: 
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Simulated  flight speed. - The simulated  flight speed at which 
the engine wa8 qerated vas determined from the  following relation: 

*ere y wae assumed to be 1.40. 

Net thru4t. - Net thrust W&E calculeted f r o m  Jet"thru6t by 
eubtracting  the  momentum of the free-stream air approaching the 
engine inlet,  according to the  relation 

where Vp is the eimulated.flight speed as previously  oalculated. 

Flight Mach  number. - The flight Mach rimer m e .  calculated 
from the compressor-inlet  total  pressure, aasumhg 100-percent 
ram-pressure  recovery, by the follaring  relation: 

where y was assumed to be 1.40. 

1. Barson,  Z e l m r ,  and Wilsted, E. D.: Altltude-Chamber Performance 
of British Rolls-Royce Nene I1 Engine. I - Standard 18.75-Inch- 
Diameter  Jet ITozzle. W A  IBf E9123, 1949. 

2. Bollay,  William:  Performance  Variation of Gas Turbines a d  Jet 
Propulsion  Units with Atmospheric  Inlet  Conditions.  Parer 
Plant  Memo. No. 1, Bur. Aero., Navy Dept.,  March 3, 1943. 

3. Anon.: Rolle-Royce  Nene I1 Performance and Installation Data. 
TSD 57,  Deu. 1947. 

4.  Amoroai, A . :  Gae Turbine G8e Charts. Res. Memo No. 6-44 
(Navships  250-330-6), Bur .  Ships, Navy Dept.,  Dec. 1944. 
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Figure 4. - Effec t  of altitude on Je t  thrust. Ram-pressure ' 
rat io ,  1.30. 
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Engine speed, N, rpm . 

Figure 6 .  - Effect of' altitude on a i r  consumption. Ram- 
pressure r a t i o ,  1.30. 
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Figure 7 .  - Effect of altitude on fuel  consumption. Ram- 
pressure ratlo,  1.30. - 
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Engine speed, N, rpm 

Figure 8.  - E f f e c t  of altitude on net-thrust specific fue l  
consumption. Ram-pressure ratio, 1.30. 
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Figure 9. - Effect of altitude on tail-pipe indicated gas 
temperature. Ram-pressure ratio,  1.30. 
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Figure 10. - Effect of ram-presaure ratio on j e t  thrust. 
A l t  1 tude, 30,000 feet . 
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Figure 12. - Effect of ram-pressure r a t i o  on air consumptfon. 
Altitude, 30,000 fee t . .  
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Figure 13. - Effeot of ram-pressure  ratio on fuel consumption. 

Altitude, 30,000 f ee t .  
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Figure 14. - Effect  of ram-pressure ratio on net-thrust  
specif ic  fue l  consumption. Altftude,  30,000 feet. 
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Figure 15. - Effect o f  rd-pressure ratio on tail-pipe indicated 
gas  tenperature.  Altitude, 30,000 feet .  
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Figure 16'. - Effect of altitude on corrected j e t  thrust. 

Ram-pressure. ratio, 1.30. 
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Figure 17. - Effeot o f  altitude on corrected net thrust. 
Ram-pressure ratio,  1.30. 
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Corrected engine speed, IT@, rpm 

Figure 18. - Effeot of altitude on oorrected  air  consumption. 
Ram-pressure r a t i o ,  1.30. 
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Figure 19. - Effeot of altitude on comected fuel consumption. 
Ram-pressure ratio,  1.30. 
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Figure 20. - Effect of altitude OR corrected net-thrust 
specific  fuel consumption. Ram-pressure ratfo, 1.30. 
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(a) Tail pipe 

Figure 21. - Effeot .o i  altitude on oorrected  indiaated  gas 
tempeiatures. Ram-pres'sure ratio, 1.30. 
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Figure 21. - Concluded. Effect of altitude on corrected 
indicated gas temperatcrea. Ram-pressure ratio, 1.30. 
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Figure 22. - Effect  of ram-pressure ratio on aorreoted j e t  
thrust. Altitude, 30,000 f ee t .  
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(b) Corrected jet-thrmst parameter, v 
Figure 22. - Concluded. Effect of ram-pressure ratio on 

oorreated je t  thrust. Altitude, 30,000 feet. 
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- Effect o f  ram-pressure rat io  on corrected net 
. thrust.  Altitude, 30,000 f e e t .  
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Figure 24. - Effeat of ram-pressure ratio on corrected air 
consumption. Altitude, 30,000 feet. 
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Corrected engine  speed, NKe, rpm 

Figure 25. - Effect of ram-pressure ratio on corrected  fuel 
consumption. Altitude, 30,000 feet. 
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Figure 26. - Effect of ram-preesure ratio on corrected  net- 
thrust  specific  fuel consumption. Altitude, 30,000 feet. . 



NACA RM E9 127 
I 

49 

2000 

1800 
ID 
1 - ,  

to 
m 

1600 
k 
* ? 

k 
0 

$I 
- a 1400 

m 
to 
wi 

* a 
0 a : 1200 
rl 
‘El 
d 
c 

B 
B 1000 
d 

rl 
d 

a a 

a 
9) a : 800 
kl 

k 

u 

600 
4 , 000 6,000 8,000 10 , 000 12 , 000 14,000 

Corrected engine speed, N/*, rpm 

Figure 27. - Effect o f  ram-pressure r a t i o  on  corrected tail- 
pipe  indicated  gas  temperature.  Altitude, 30,000 fee t .  
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Y 

Figure  28. - Effect of jet-nozzle s i z e  on jet thrust. Alt i tude ,  
30,000 feet; ram-pressure ra t io ,  1.30. 
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Engine speed, N, rpm 

Figure 29. - mfect o f  jet-nozzle s ize  on net thrust .   Al t i tude,  
30,000 f e e t ;  ram-presaure ratio, 1.90. 
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Figure. 30. - Effect of jet-nozzle size on a ir  conamption. 
Altitude, 30,000 feet;  ram-pressure r a t io ,  1.30. 
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Engine speed, N, rpm 

Figure 31. . -  'Effect of j,et-nozsle s ize  on fuel conamption. 
, Altitude, 30,OOO feet ;  ram-pressure ratio,  1.30. 
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Figure 32. - Effect of jet-nozzle s i z e  on net-thrust spec i f ic  
f u e l  consumption.  Altitude, 30,000 f ee t ;  ram-pressure r a t i o ,  
1.30. 
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